Western University

Scholarship@Western
Electronic Thesis and Dissertation Repository
6-27-2014 12:00 AM

Biostimulation of Oil Refinery Soils
Thipphathong Vattaso, The University of Western Ontario
Supervisor: Dr. Ernest Yanful, The University of Western Ontario
Joint Supervisor: Dr. Shahzad Barghi, The University of Western Ontario
A thesis submitted in partial fulfillment of the requirements for the Master of Engineering
Science degree in Civil and Environmental Engineering
© Thipphathong Vattaso 2014

Follow this and additional works at: https://ir.lib.uwo.ca/etd
Part of the Civil and Environmental Engineering Commons

Recommended Citation
Vattaso, Thipphathong, "Biostimulation of Oil Refinery Soils" (2014). Electronic Thesis and Dissertation
Repository. 2573.
https://ir.lib.uwo.ca/etd/2573

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca.

BIOSTIMULATION OF OIL REFINERY SOILS
Thesis format: Monograph

by

Thipphathong Vattaso

Graduate Program in Civil and Environmental Engineering

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Engineering Science

The School of Graduate and Postdoctoral Studies
The University of Western Ontario
London, Ontario, Canada

© THIPPHATHONG VATTASO 2013

Abstract
Oil refinery contaminated soils usually contain carcinogenic products, including polycyclic
aromatic hydrocarbons (PAHs), and therefore require treatment for environmental and human
protection. Biostimulation is the modification of external factors affecting the performance of indigenous
bacteria and it may be employed to enhance natural attenuation at contaminated sites. Contaminated
soil samples, provided by Imperial Oil (Sarnia, Ontario), were analyzed using pyrosequencing to
sequence DNA strains in order to identify types of bacterial genus found in the samples.
Flavobactericeae and Marinobacter were the two most dominant genus found in the sample, both
recorded with the ability to degrade PAHs.
Favourable conditions and governing parameters such as water holding capacity, moisture
content, pH, total organic carbon, phosphorous, nitrogen, and potentially toxic environments, including
sulfate and metal concentrations, were quantified in two experiments. The first experiment was batch
studies containing a water: soil ratio of 10:1 (100 mL water: 10 g of contaminated soil sample). A
second batch study, containing 50 g of contaminated sample with 60% saturation, was employed to
determine effects of temperature. Plasma optical emission spectroscopy, Kjeldahl Method (for
nitrogen), Olsen method (for phosphorous), gas chromatograph (GC), GC/MS, and HPLC were used
for the analysis of samples. Urea was added to the sample as the nitrogen source and di-ammonium
phosphate was added as the source of phosphorous. A target organic carbon: nitrogen: phosphorous
(C:N:P) ratio of 100:10:1 was maintained for bacterial health. The pH was observed to be in the range
of 6-8 throughout both experiments, and the water holding capacity of the samples was 22.7 wt%.
Metal concentrations were found to be too low to cause toxic conditions for bacteria growth. Results
suggest that the bacteria may have been using PAHs as a carbon source.
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Introduction - Chapter 1

1.1 Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons, PAHs, are produced from natural and anthropogenic
activities such as volcanic eruptions, forest fires, waste incineration, transportation, and
combustion of coal (Guo et al. 2011). Coal tar and coal tar pitches are mainly composed of PAHs
due to the combustion of fossil fuels (Fetzer 2000). PAHs are complex hydrocarbons with two or
more fused benzene rings. Due to their low water solubility, they strongly sorb on to soil particles
leading to low bioavailability (Jordening and Winter 2005). Higher molecular weight PAHs have
longer persistence on to soils due to the number of aromatic rings present and the pattern of the
ring linkage. In Figure 1, high molecular weight PAHs, as opposed to low molecular weight PAHs,
consist of four or more benzene rings. Aromatic compounds cause concern because they are
persistent in the environment and are highly toxic (She et al. 2013, Anderson 2013).
PAHs can be carcinogenic. Carcinogens cause genetic mutations that may lead to cancer
(CCME 2008). The Long Island breast cancer study determined that women with high PAH-DNA
adduct had a 50% higher risk of breast cancer (Brody et al. 2007). An increased risk of lung and
respiratory cancer was confirmed with PAH-related occupations (Bosetti 2006). The very first
recorded proof of PAH carcinogenicity was in 1915 (Phillips 1983), when the ears of rabbits that
were exposed to PAH-containing material caused tumors at the site of application. The United
States Environmental Protective Agency (EPA 2011) has published a list of 16 PAHs as priority
pollutants, of which, 13 are involved in the present research.
Once in the environment, PAHs go through one of many paths (Zhang et al. 2006). They
may be metabolized by bacteria that use hydrocarbons as a carbon source. They may also
undergo photolysis, during which, sunlight degrades the compounds. Volatilization also occurs with
low molecular weight PAHs. Otherwise, they stay stagnant or move from one environment to
another. If PAHs stay in their own environment, there is a high likelihood that they will adsorb on to
or be absorbed by soil particles due to their low solubility. Adsorption is the physical binding to a
particle surface, whereas absorption is the partitioning into a separate phase. Over time, the PAHs

2

are slowly released back into the environment, posing risk of release into groundwater systems
(Haritash et al. 2009). This has created the need for fast and effective cleanup of soils
contaminated with PAHs.

3

4

Figure 1: Schematic of PAH configurations where 4-or-more fused benzene rings are also
known as high molecular weight polycyclic aromatic hydrocarbons (HMWPAH) and 3-orless fused benzene rings are also refered to as low molecular weight polycyclic aromatic
hydrocarbons (LMWPAH) (EPA 2013).

5

1.2 Scope of Work
The primary goal of the present research is to develop strategies for improving the health
of the environment by removing PAHs from contaminated soils. Chapter II discusses biostimulation
as a remediation technique. The literature review determines which methods to avoid or to pursue
and reveals how other studies have approached doing these experiments. The focus of the
research is to shed light on the prospect of using biostimulation as a remediation strategy in
Southwestern Ontario, Canada. The hypothesis of the research is that biostimulation will enhance
aerobic bacterial degradation of PAHs. The success of biostimulation will allow for faster
remediation of known carcinogens and will provide a less expensive method for field scale
applications.
In order to accomplish the above goal, laboratory scale experiments were conducted, as
described in chapter 3. This included a number of biological and physical tests during batch
experiments, including determining existing conditions and factors such as nutrient addition and
temperature influenced bioremediation using native bacteria communities. Two batch studies were
performed, an initial batch study (100 mL water: 10 g of contaminated soil sample) to determine
ability of bacteria to degrade PAHs, and a second batch experiment containing 50 g of
contaminated sample with 60% saturation which was conducted in order to simulate realistic
conditions. Although laboratory scale tests are great indicators of feasibility, moving from laboratory
to field often yields different results (Gouda et al. 2008, Sturman et al. 1995).
Chapter 4 is the analysis of the results. The conclusion will discuss the significance of the
work and make recommendations for improvement and future studies. The remediation community
will gain perspective into site conditions in southwestern Ontario, and identify potential options to
avoid or to repeat at pilot and field scale remediation.
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Literature Review - Chapter 2

2

Introduction
Biostimulation was chosen as the method for remediating the candidate refinery soils

because of its cost-effectiveness, ability to be used in-situ at the refinery, and its relatively low
impact on the environment when used with relatively low nutrient small concentrations.
Biostimulation has been documented in all parts of the world, however, information at Imperial Oil
Refinery should give insight into conditions in Southwestern Ontario.

7

2.1 Remediation Technologies
There are many methods that can be used for soil remediation. The US Federal
Remediation Technologies Roundtable, FRTR, has developed a list and description of available
remediation technologies, as summarized in Table 1(http://www.frtr.gov/).

Table 1: Overview of remediation technologies (FRTR 2012, Khan 2004).
Remediation
Method

Applicability

Advantages

Disadvantages

Time/Costs of
sites to be
remediated

Not effective on
soil with high
level
concentrations
of petroleum

Excavated soil is
mixed with soil
amendments and
aerated

$30 to $60 per
cubic yard
Biopiles

Used for
petroleum
hydrocarbons,
non-halogenated
VOCs,
halogenated
VOCs, SVOCs,
and pesticides

Easy to design
and implement

Must treat air
emissions for
evaporated
volatiles

Requires large
area of land

For short term
use
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Bioremediation

Microbes degrade
contaminants

Treats PAHs,
non-halogenated
SVOCs (not
including PAHs),
and BTEX
Bioslurry
systems

Excavated soil is
inserted into a
bioreactor with
selected microbes

Usual
contaminants
include VOCs,
SVOCs, PCBs
and pesticides
Bioventing

Involves pumping
air into the soil
Used mainly for
mid-weight
petroleum
products

Cost-effective

Slows at low
temperatures

Both soil and
ground water
can be treated
simultaneously

Simple

$20-$80 per
cubic yard

Can be six
months to five
years

Dewatering
soils is costly

More effective
than
bioremediation

$100-160 per
cubic yards

1-6 months of
treatment

Easy to maintain
controls
Allows for
treatment of less
permeable soils

Only effective in
saturated zones

$60-$742 per
cubic yard

Off-gassing
must be
monitored

Treatment
times of 6
months to 2
years
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Encapsulation

Electrokinetic
Separation

Design includes a
barrier layer such
as a slurry wall
and a drainage
layer

Low-intensity
direct current
energizes ions to
move toward
anodes and
cathodes

One of the
cheapest
methods

Can treat wide
range of
contaminant
concentrations

Efficiency
decreases over
time and should
not be a
permanent
solution

$175 000-$225
000 per cubic
acre

Must have high
moisture levels

No cost
associated due
to lack of
scientific
application

Red/Ox
reactions can
create
undesirable
products such
as chlorine gas

Positively
charged organics
are attracted to
the cathode,
whereas
negatively
charged organics
are attracted to
the anode

Can be longterm if there is
consistent
inspection

In 30 weeks
the process
has decreased
lead
concentrations
from 4500
mg/kg to 300
mg/kg

Target
contaminants are
metals, anions
and polar organic
compounds
Incineration

High
temperatures
combust
explosives,
chlorinated
hydrocarbons,
PCBs, and
dioxins

Has been used
for over 150
Superfund Sites

Heavy metal
contaminated
soil may need
stabilization

Only one off-site
incinerator is
permitted to
burn PAHs and

$695-$1171
per cubic yard

Can range
from short to
long term
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dioxins
Landfarming

Excavated soil is
mixed with soil
amendments and
aerated by tilling
or plowing

Easy to design
and implement

Possibility of
contaminants
moving to a
previously
undisturbed site

<$75 per cubic
yard

Can introduce
contaminants
into food chain

$112-$1775
per cubic yard
depending on
difficulty

Can take from
6 months to
two years

Land farming
requires that the
soil is spread over
a large area of
land into a thin
layer
Phytoremediation

Uses plants to
remove
contaminants
such as metals,
pesticides,
solvents,
explosives, crude
oil, PAHs, and
landfill leachates

Cost-effective
Aesthetically
pleasing

Requires a long
time for the
plants to grow

Requires at
least two
growing
seasons

Remediation is
limited to 3m for
groundwater and
1m for soil
Pyrolysis

In the absence of
oxygen, heat is
used to
decompose
contaminants

Thermal
desorption will
occur if SVOCs
or VOCs are
present in media

Requires low
moisture content

Soils
contaminated
with heavy
metals may
need
stabilization

$300 per ton

Can range
from short to
long term
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Soil flushing

Contaminated
Due to an
soils are “flooded”
increased
to push
natural flushing
radioactive
rate, soil flushing
contaminants to a is more effective
zone where the
over pump and
contaminants
treat method
may be extracted
i.e. vadose or
saturated zones

Soil is separated
by grain size

Particles are then
washed with
solvents and
water

Can be used to
remove SVOCs,
fuels, and heavy
metals

$3558-$5550
per cubic yard

Heterogeneous
soil is hard to
remediate

Generally used
for shortmedium term
applications

Air emissions
may need
treatment

Will also remove
VOCs, SVOCs,
fuels, and
pesticides

Soil washing

Diffusion
process is slow

For
contaminants
that are not
radioactive, this
is not the most
cost-effective
solution

Cost-effective

Not usually
effective enough
to remediate
without
additional forms
of remediation

Aqueous stream
from washing
will require
treatment

$53-$142 per
cubic yard

Requires short
to medium
term lengths of
remediation

Lead content
decreased
from 3500
mg/kg to 200
mg/kg in 2
hours
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Thermal
desorption

Heats
contaminants in a
chamber to
vaporize them

Will work for
VOCs, PAHs,
PCBs and
pesticides

Works on a wide
range of
concentration
levels

Requires certain
moisture
content;
dewatering may
be necessary

Heavy metal
contaminated
soil may need
stabilization

$40-$232 per
cubic yard

Can range
from short to
long term
remediation
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2.2 Remediation at Oil Refineries
Gan et al. (2009) have classified methods of remediation into four categories as shown in
Table 2. The classification of remediation technologies is important for determining the best
approach to remediate contaminated sites. For instance, in order to save on costs and reduce
environmental impact, it may be preferable to implement the process in-situ, at the site of
contamination without the need to move any of the contaminated soil. At an oil refinery, thermal
remediation would not be acceptable due to the explosive nature of the chemicals at the site.
Physical technology, as described in Table 2, may not be feasible due to the lack of available
space. All of these factors are important when determining which method to use to begin laboratory
experiments with the possibility of using the technology at field scale.
Table 2: Review of technologies studied on the removal of PAHs (Gan et al. 2009).
Classification

Technologies

Physical

Solvent extraction (water and organic solvents, surfactants, cyclodextrins, vegetable oil),
supercritical fluid extraction, subcritical fluid extraction

Biological

Bioremediation such as on-site land farming and composting, aerobic and anaerobic
treatment, phytoremediation

Chemical

Chemical oxidation with various oxidants (e.g. Fenton’s reagent, ozone, peroxy-acid,
KMnO4, H2O2, activated sodium persulfate), photocatalytic degradation, electrokinetic
remediation

Thermal

Incineration, thermal desorption, thermally enhanced soil vapour extraction

The majority of previous studies conducted on refinery soils involves bioremediation.
Bacteria are well-known for effectively treating PAHs (FRTR 2012). A soil sample from Novi Sad,
Serbia, demonstrated an 86–91% decrease in TPH (total petroleum hydrocarbons), when a
consortium of bacterial strains from the genera Pseudomonas, Achromobacter, Bacillus and
Micromonospora was used in bioremediation (Gojgic-Cvijovic 2012).The experiments lasted 12
weeks. Zhang (2009) reviewed the effects of using two chemical surfactants and one biological
surfactant to reduce interfacial and surface tension in order to increase the solubility of
hydrocarbons at an oil refinery in British Columbia. The two chemical surfactants, Igepal CO-630
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and Cedephos FA-600, were introduced at concentrations of 400 mg/kg, while the biological
surfactant, rhamnolipid, was introduced at 200 mg/kg. The two chemical surfactants produced
greater decreases, both around 25% in TPH content, whereas the rhamnolipid yielded a 10%
decrease in TPH.
Nazaré et al. (2010) conducted two experiments using oil refinery soils. They investigated
natural attenuation, manual aeration, and biostimulation by adding only nutrients and by adding
nutrients and a non-ionic surfactant; they also investigated bioaugmentation with the addition of
nutrients with and without a non-ionic surfactant, all during a nine-month period. Nazaré et al.
(2010) found natural attenuation to be as effective as the other forms of treatment, with 30%
degradation of TPH, which was only surpassed by bioaugmentation, with 50% degradation of
TPH.Nazaré et al. (2012) investigated phytoremediation using salt marsh plants. They compared
biostimulation, bioaugmentation, and natural attenuation in the absence or presence of two types
of salt plant marshes, Scirpus maritimus and Juncus maritimus, in order to determine if remediation
was possible with these plants. Non-ionic surfactants and bioaugmentation were also added to
determine if improvement in degradation of petroleum hydrocarbons occurred. Juncus maritimus
showed no improvement in the removal of petroleum hydrocarbons; however, Scirpus maritimus
showed a 15% improvement in degradation. A greater improvement occurred with the addition of
non-ionic surfactants and bioaugmentation.
At a site in Turner Valley, Alberta, 30% reduction in TPH content was achieved in three
and a half months of remediation using a multi-process phytoremediation system (MPPS)
composed of: a) land-farming, b) the use of contaminant-degrading bacteria and plant-growthpromoting rhizobacteria, PGPR, and c) the growth of the contaminant-tolerant plant, Tall Fescue or
Festuca arundinacea (Greenberg 2007). The same MPP system was utilized using Sarnia refinery
soils (Huang 2005). After the initial four-month period, the MPPS was able to remove two times the
amount of TPHs removed by land-farming alone, 50% more than bioremediation alone, and 45%
more than phytoremediation alone. After a second four-month period, the MPPS removed 90% of
TPHs compared to 50% removal by phytoremediation. In another study on Sarnia soils,
researchers from Huang's group investigated phytoremediation at two sites treated with and
without PGPR, using two Pseudomonasbacteria strains: Pseudomonas putida, and Pseudomonas
sp. using a mixture of ryegrass (Lolium perenne), tall fescue (Festuca arundinacea, var. Inferno)
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and fall rye (Secale cereal), with barley seeds, Gurska et al. (2009) observed a 50% decrease in
TPHs with PGPR, but only a 20% decrease without PGPR.
The three types of remediation technology commonly reported are biostimulation,
bioaugmentation and phytoremediation. This represents a shift from pump-and-treat technology
(Khaitan 2006). TPH content has been the most common parameter for determining contaminant
reduction concentrations; however, there is very little published information on the potential for
TPHs to impact health or the environment (ATSDR 2013). TPHs include: benzene, toluene,
ethylbenzene and xylenes or BTEX; fuels i.e. jet fuels, automotive gasoline, and PAHs. United
States EPA has listed BTEX and PAHs as priority pollutants (EPA 2011), and many published
studies of oil refinery remediation involve PAHs. Undoubtedly, PAHs have emerged as the best
choice of contaminants to consider in this petroleum remediation research.
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2.3 Bioremediation
There are three commonly used types of bioremediation. They include phytoremediation,
bioaugmentation, and biostimulation. The less-commonly used forms of bioremediation in the field
are vermiculture, mycoremediation and algae. Phytoremediation uses plants to mitigate pollutants
and mycoremediation utilizes fungi excretion, as described futher along in the literature review,
meanwhile vermiculture uses earthworms to degrade contaminants. In phytoremediation, the plant
will follow one of four processes to affect the contaminant: (1) contaminant take up, which may
include heavy metals stored in the cell wall or the use of the contaminant as a source of energy (2)
volatilization of the contaminant (3) stabilizing the contaminant by producing leachate, thereby
preventing the dispersion of the contaminant or (4) the plant will provide nutrients to bacteria in the
rhizosphere to stimulate biodegradation. In terms of bioremediation, the last of the four processes
is the method by which the plant remediates PAHs (Reichenauer and Germida 2008). Earthworms
metabolize organic substances and improve soil structure and aeration (Dendoveen et al. 2011).
Algae mineralize PAHs and have the potential to support the life of PAH degrading bacteria
(Munoz and Guieysse 2006). Fungi excrete enzymes and acid capable of degrading lignin, a
biopolymer found in the cell walls of many plants. Fungi have also been reported to decompose
PAHs that are chemically similar to lignin (Pointing 2001). Not many studies have been conducted
using mycoremediation, phytoremediation, or vermiculture, but rather have used microbes to
biodegrade organic contaminants.
In bioremediation, notably natural attenuation, bioaugmentation and biostimulation, some
microbes can metabolize hydrocarbons as their carbon source. The most efficient bacterial genus
for hydrocarbon removal are Acinetobacter, Pseudomonas, Alcaligenes, Arthrobacter,
Achromobacter, Bacillus, and Flavobacterium (Wang et al. 2007, Luan et al. 2006, Seo et al. 2009,
Li et al. 2009, Leahy et al. 1990). Microbial bioremediation can be used either in-situ or ex-situ. If
the situation is ex-situ, the soil is excavated and treated away from the site. During bioattenuation,
also known as natural attenuation, native bacteria immobilize or transform pollutants. In this
category, attenuation is usually monitored and methods such as phytoremediation are employed.
Biostimulation is the application of nutrient and/or environmental factors providing bacterial
communities with favorable conditions, such as correcting the ratio of macronutrients C:N:P to
100:10:1 (Straube et al. 2003). Bioaugmentation is the process in which inoculum is added to the
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soil to enhance degradation. Inoculum consists of microbes that are usually chosen based on their
abilities to metabolize desired compounds. With bioaugmentation, there have been mixed reports
about success, but some applications have been effective (Pao Wen 2011, Lebkowska 2011);
however, bioaugmentation is met with more failure than success due to inefficiency, adaptability of
the introduced bacteria, and competition from indigenous species (Megharaj 2011).
PAH degradation can be an aerobic or an anaerobic process (Haritash and Kaushik 2009).
Aerobic bacteria require moisture, oxygen, nutrients, and favorable environmental conditions such
as temperature, pH, and absence of toxins, in order to grow. Anaerobic bacteria require other
electron acceptors, such as nitrates or sulfates. In general, effective bioremediation with the use of
bacteria in soil must have 25-85% water holding capacity (WHC), more than 10% by volume of
oxygen for aerobic species, and have a redox potential greater than 50 mV, a macronutrient molar
ratio C:N:P of 100:10:1, pH of 5.5-8.5, and a temperature of 15-45˚C for mesophiles (Kuo 1999).
Bacterial metabolism starts with the oxidation of the benzene ring by dioxygenase
enzymes to generate cis-dihydrodiols. These dihydrodiols are dehydrogenated to form
dihydroxylates, which can then be further metabolised via catechols to carbon dioxide and water
(Singh and Ward 2004). Organisms can grow on the PAH substrate as a result of the metabolizing
process. If growth on the substrate does not occur, co-metabolism will result. There are other
factors known to slow the remediation process, such as low numbers of organisms capable of
degrading stubborn PAHs, slow enzyme activity, nutrient competition for carbon content by soluble
PAHs, lack of growth substrates, and/or the accumulation of inhibitory products (Singh and Ward
2004). Metabolism can only occur as fast as bacteria can access the contaminants.
Bioavailability is the rate and/or extent that nutrition can be accessed and absorbed by
microorganisms (Baboshin and Golovleva 2012). The rate of biodegradation is dependent on
contaminant uptake and mass transfer. When bacteria cannot access their food, the uptake and
mass transfer will be very slow. Bioavailability is affected by desorption, diffusion and dissolution.
Microorganisms transform contaminants by the production of enzymes, with their cell surfaces, with
vesicles/storage bodies, or with chelating agents. As a result, biomass, transient or stable
metabolites, or inorganics are produced (Singh and Ward 2004). Solutions for slow mass transfer
include chemical and biological surfactants, mixing soils to provide exposure to contaminants that
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may be contained in hard-to-access soil pores, or breaking up soils with large surface area.
Biological surfactants are a result of microbes excreting surfactants. Synthetic surfactants, also
referred to as chemical surfactants, risk toxicity to microbial communities (Rosal et al. 2010). These
surfactants emulsify dense non-aqueous phase liquids, DNAPLS, and they enhance solubility of
PAHs and mobilize sorbed PAHs (Volkering1995). Bioavailability and degradation is usually a twophase solution. The initial removal of PAHs is rapid, followed by a longer and slower rate of PAH
removal (Pritchard 2006). Bioavailability is one of the most important processes to rapid
degradation.
Microbes are not the only organisms capable of degrading PAHs. In the case of
algae, Lei (2006) determined that the algae Chlorella vulgaris, Scenedesmus platydiscus,
Scenedesmus quadricauda, and Selenastrum capricornutum were capable of a 48% decrease of
pyrene in seven days. After 114 hours, Christensen (2009) observed a 52% adsorption for
phenanthrene using green seaweed Acrosiphonia coalita. In a mixture of phenanthrene and
fluoranthene, Hong (2008) suggests that the presence on one PAH stimulates the degradation of
another PAH by observing that the degradation rate of phenanthrene and fluoranthene was higher
than each PAH degraded singly. Earthworms are also capable of degrading PAHs.
During a 70-day trial, Coutino-Gonzalez et al. (2010) observed a difference of 52% of
degraded anthracene, where 41% had been removed without the aid of earthworms and 93% had
been removed with the addition of earthworms. Contreras-Ramos et al. (2008) had previously
conducted experiments using Eisenia fetida with a mixture of benzo(a)pyrene, anthracene, and
phenanthrene. They observed a 91% decrease in anthracene, 24% decrease in benzo(a)pyrene
and 99% decrease in phenanthrene, through dissipation in soil. This was compared to 42%, 16%
and 95% degradation, respectively, in soil without earthworms. Eijsackers et al. (2001) reported
similar findings of 95% removal of phenanthrene when E. fetida was added, as opposed to 74%
without introduction of the earthworm. Another species of earthworm, Lumbricus Rubellus, reported
by Ma et al. (1995), resulted in a higher percentage degradation of 81% versus 64% degradation
without L. Rubellus for both phenanthrene and fluoranthene. With vermiculture, a range of 25%67% death of earthworms was recorded in every study (Dendooven 2011). Mycoremediation (using
fungi), and vermiculture (using earthworms), are two more recently emerging forms of
bioremediation.
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Fungi do not usually utilize PAHs as a sole carbon source, but rather they co-metabolize
PAHs (Sutherland1992), in pathways similar to mammalian enzyme systems (Cerniglia et al. 1992,
Sutherland 1992, Holland et al.1986). A few strains of white rot fungi have been observed to
remediate PAHs. Okparanma et al. (2011) determined that mycoremediation using white rot fungus
Pleurotus Ostreatus would produce a 99% decrease in concentration of acenaphthylene under
laboratory conditions.This study recorded as high as a 92.4% decrease in total PAHs including
dibenzo[a,h]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, chrysene, benz[a]anthracene,
anthracene, phenanthrene, fluorene, etc. In comparison, Borras (2010) saw less effective removal
rates of 15%-21% for total PAHs after 10 weeks by the white rot fungus T. Versicolor. Bezalel
(1996) also saw results of a decrease of 96% in fluorene, 45% in pyrene and 64% in anthracene
using the same strain of white rot fungus as Okparanma (2011).Anthracophyllum Discolor was
capable of removing phenanthrene (62%), anthracene (73%), fluoranthene (54%), pyrene (60%)
and benzo(a)pyrene (75%) in autoclaved soil (Acevedo 2010). Fungi are not the only forms of
vegetation that can cause PAH remediation.
With phytoremediation, the ability to grow and sustain plants in contaminated soil is difficult
due to the toxic effects that the contaminants may, however, some plants have been discovered
that can survive these conditions. Gao (2010) noted a 98.6% and 88.1% decrease in phenanthrene
and pyrene respectively after 70 days using alfalfa plants. Hamdi (2011) concluded that the
remaining 34% of benzo(a)pyrene would not be available by means of non-destructive remediation,
after conducting an experiment using alfalfa to remediate the contaminant for 15 months. In
phytoremediation, the plants release exudates into the rhizosphere stimulating bacteria, which
promote microbial degradation, a form of biostimulation.
Biostimulation is the enhancement of microbial conditions in order to provide ideal
circumstances for bacteria to perform efficiently. Oxygen plays a major role in remediation of
PAHs. Richardson and Aitken (2011) confirmed that PAH reductions were due to the presence of
oxygen, using column studies to distribute oxygen to biostimulated soils. There was an 80% PAH
mass removal.
In biostimulation the addition of oxygen may be required. Some studies have added
specific strains of microbes that are known to degrade certain contaminants to autochthonous
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communities. Rodrigo (2009) used anthracene as a model to determine potential strains of
degraders. He discovered that Pseudomonas Citronellolis was capable of degrading 35.3% of
anthracene after 30 days, and that Pseudomonas Aeruginosa was capable of reducing anthracene
by 15-45% after 30 days. Pseudomonas aeruginosa degrades aged pyrene and phenanthrene
better than freshly spiked soils with PAHs (Hwang and Curtwright 2002). Studies have been
conducted to compare performances of biostimulation, natural attenuation, and bioaugmentation.
Yu (2005) showed that natural attenuation resulted in the highest degradation for phenanthrene
and fluorene; however, biostimulation provided the best results for pyrene concentration. Yu (2005)
also observed that bioaugmentation had proven inhibitory effects during a four week test,
suggesting that allochthonous bacteria may not interact well with indigenous communities, and
may in fact compete with existing communities as opposed to working with the native communities
to degrade PAHs. In contrast, a study using Antarctic soils discovered that the use of both
biostimulation and bioaugmentation concurrently resulted in a 46.6% removal of phenanthrene
after 56 days. When the soils were treated separately with biostimulation and bioaugmentation, no
reduction in phenanthrene concentration occurred (Ruberto 2006). Phytoremediation and
biodegradation using bioaugmentation and/or biostimulation have been the most researched in
recent years at oil refineries. Phytoremediation studies have already been completed using
samples taken from the Sarnia refinery, and bioaugmentation, in general, has resulted in
conclusive results. Biostimulation may indicate the plausibility of biodegradation at the refinery site,
and at the same time, cause little effect on the environment.
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2.4 Biostimulation
Soil biostimulation uses indigenous microorganisms and their metabolites to remove
contaminants. Biostimulation can be conducted in-situ or ex-situ. In ex-situ conditions,
contaminated soils are removed from their current location and taken elsewhere for treatment by
either biopiles, vessels, or slurry bioreactors. This requires moving soils off site by methods such
as automotive transportation, which affects air quality and has a negative impact on the
environment. In-situ bioremediation necessitates that nutrients be delivered to microbial
communities by either percolating nutrients or by injecting them into the subsurface. The injected
solution affects the amount of moisture, electron acceptors, nutrients and the pH in the subsurface.
Two environmental factors of concern are temperature and the presence of toxic conditions to
microorganisms. Many determinants must be taken into consideration for effective biostimulation.
Aerobic bacteria are bacteria that require the use of oxygen as an electron acceptor.
Oxygen is the most popular electron acceptor due to its high oxidation-reduction potential. Various
compounds, such as glucose, can be used as electron acceptors for a complete redox reaction.

electron donor (organic substrate) + O2 (electron acceptor) →
biomass + CO2 + H2O + metabolites + energy

Facultative anaerobes are bacteria that reduce nitrate. Most nitrate-reducing bacteria carry
the ability to thrive in aerobic and anaerobic conditions. The reduction of nitrate follows three steps
in the environment: first it is degraded to nitrite, NO2, and then it rapidly degrades to nitric oxide,
NO; secondly it is transformed to nitrous oxide, N2O, and then stabilizes as nitrogen gas, N2.

electron donor (organic substrate) + NO3-(electron acceptor) →
biomass + CO2 + H2O + N2 + metabolites + energy
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Iron-reducing bacteria and Manganese-reducing bacteria require a consortium of bacteria
to complete their complex processes of reduction (Boettcher and Nyer 2001). To measure ironreducing environments, ferrous iron is measured as an indicator because iron-degrading bacteria
reduce ferric iron, Fe(III) to ferrous iron, Fe(II).

organic substrate (electron donor) + Fe(OH)3 (electron acceptor) + H2+→
biomass + CO2 + Fe2+ + H2O + energy

organic substrate (electron donor) + MnO2 (electron acceptor) + H2+→
biomass + CO2 + Mn2+ + H2O + energy

Sulfate-degrading bacteria reduce sulfate to hydrogen sulfide. Biodegradation of PAHs
under sulfate-reducing conditions has been demonstrated.

organic substrate (electron donor) + SO42- (electron acceptor) + H+ →
biomass + CO2+ H2O + H2S + metabolites + energy
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Methanogenetic bacteria reduce methane. There are two types of methanogens: hydrogen
oxidizers and acetate fermenters (Zeikus 1977). Biodegradation of naphthalene has been reported
under methanogenic conditions, although not as frequently as with other anaerobic environments.
Although PAH biodegradation has been associated with methanogenesis, little is known about the
factors surrounding this reduction, including the microbes responsible.

organic substrate + CO2 (electron acceptor) + H+ (electron donor) →
biomass + CO2 + H2O + CH4 + metabolites + energy
OR
CH3COOH → CH4 + CO2

Studies have been conducted to determine optimum ranges for microbial communities and
other factors affecting bioremediation. Moisture content should be 58-80% (Bartha and Bossert
1984), the temperature should range from 30-40°C, (Bartha and Bossert 1984,Van Hamme et al.
2003), although this is dependent on microbes in the soil, and there should be a pH of 5-8 (Dibble
and Bartha 1979). When the soil is too acidic (pH<6), it is common to use lime or calcium
carbonate to remedy the pH level. If soil is too alkaline (pH>8), elemental sulphur, ammonium
sulphate, or aluminium sulphate will drop the pH (Singh and Tripathi 2010). Salinity and metal
toxicity must be monitored to prevent harmful conditions for bacteria. Refinery wastes often contain
appreciable quantities of metals i.e. Pb, Cd, Hg, Zn, Cu, As, Cr, Ni, V (Pollard et al. 1994), which
can be remediated by adding clean soil or organic matter such as woodchips, straw, rice hulls, or
manure to promote complexion of metals and make them less available to microorganisms. In
order to function, microbes require nutrients such as organic carbon, nitrogen , or phosphorous .
Literature suggests a C:N:P molar ratio of 100:10:1 (Dibble and Bartha 1979). Urea and
ammonium are the two most commonly used forms of nitrogen supplied to the subsurface
(Sanscartier et al. 2009, Chagas-Spinelli 2012,Richardson et al. 2012), while phosphorous is
supplied as a form of phosphate (Kauppi et. al. 2011, Vyas and Dave 2010).

24

At oil refineries these optimal conditions must be considered to effectively remediate
contamination. Gojgic-Cvijovic et al. (2012) determined that soil samples taken from the oil refinery
in Novi Sad, Serbia, contained a mixture of Pseudomonas, Achromobacter, Bacillus and
Micromonospora. During a 12-week experiment, the TPH degradation was 82–88% in petroleum
sludge and 86–91% in polluted soil. Bacteria were identified using API tests (Biomeriex), fatty acid
methyl ester (FAME) composition and by sequence analysis of 16S rRNA genes. Batch tests were
completed in 500 mL Erlenmeyer flasks. The cultures were isolated from the soil batches, grown
on tryptone soy broth to 106 CFU ml-1 and added to the batch tests. A solution of 100 mL mineral
salts medium and 10% (w/v) of samples of petroleum sludge or soil was also added to the flasks.
The mineral salt medium contained 0.1% NH4NO3 and 0.025% K2HPO4. Water or the mineral salt
medium solution was added as required, typically every week.
Tahhan and Abu-Ateih (2009) tested the biodegradation of total petroleum hydrocarbons in
Jordanian soils. Using a biopile technique, 70% of TPHs were removed after 40 days. The biopile
consisted of a waterproof container with a slight bottom slope and a drainage system for leachates.
NH4NO3 and KH2PO4 were added to achieve a C:N:P ratio equivalent to 50:10:1 and 60% moisture
in the soil samples was maintained.
The Algerian refinery diesel fuel biopile used urea as a nitrogen source and K2HPO4 as a
phosphorous source at a C:N:P ratio of 100:10:1. The pH was kept between 5-9 and the
temperature was maintained between 15-40°C. After 40 days, 70% TPH removal was observed
(Chemlal et al. 2011).
In a Northern region i.e. a boreal climate, Kauppi (2011) remediated diesel fuel using
biostimulation and bioaugmentation. It was concluded that biostimulation enhanced diesel
degradation whereas bioaugmentation did not. Urea and K2HPO4 were used as nutrients at a
C:N:P ratio of 100:10:1, while 0.8 kg of soil was kept in transparent plastic incubation cylinders.
Airflow was maintained in the laboratory experiments for 61-62 days. Preceding the laboratory
tests, field scale piles were created, with aerating pumps connected to the piles. The lab-scale
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tests showed a 24% decrease in TPHs; meanwhile, the field scale test plots showed no difference
between treatment plots.
In 2010, Taketani et al. took soil samples close to an oil refinery at a mangrove forest in
Brazil. The group set out to show that microbial communities in mangrove sediments with different
chemical and historical characteristics would respond differently to the disturbance of a
hydrocarbon spill. Experiments consisting of 20 L aquariums filled with 10 L of wet sediment were
conducted. The sediments underwent tidal mimicry for a period of 75 days. The profile of the
communities was determined using PCR-DGGE. They discovered groups of Anaerolineae,
Desulfobacteraceae, Desulfobulbaceae, Desulfuromonadales and Desulfobacterium. The same
communities were found in both soil samples at the start, but after the 75-day experiment, both
samples were observed to have different communities.
At an oil refinery near Ciudad Real, Spain, batch experiments were conducted in order to
determine the kinetic degradation rate of the consortium of bacteria (Moliterni et al. 2012). Batch
experiments at the temperatures of 25°C, 30°C and 35°C were conducted to determine
degradation rates of diesel fuel as a sole carbon source. To identify bacteria, Analytical Profile
Index micro-methods API 20 NE, API 20E and API Staph (BioMerieux, Lyon, France) test kits were
used. Bacteria collected from the soil sample were isolated and inoculated using diesel fuel at 1 %
(v/v) and grown on Luria–Bertani agar plates with 25 g/L of glucose. Batches of 26 biodegradation
experiments were carried out in 1-L reactors with each reactor containing 500 mL of BH broth and
an initial diesel concentration of 0.5%, 1% or 3 % (v/v). The batches were maintained on an orbital
shaker for the duration of the experiment. Thermal inhibition was observed at 35°C, but in the
remaining experiments, over 80% of the diesel fuel was degraded after 40 h of treatment. Species
such as Staphylococcus lentus, Stenotrophomonas maltophilia and Pseudomonas fluorescens
were found in multiple samples.
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2.5

Conclusions
From the wide array of current technologies being used to remediate contaminants,

not many can resolve the persistence of PAHs. Of the possibilities being used at oil refineries,
only methods of bioremediation remain as a viable option. With microbiological agents ranging
from indigenous bacteria to algae, biostimulation and natural attenuation are the most utilized
and most researched forms of bioremediation. Biostimulation of PAHs in Southwestern Ontario
is not extensively recorded and more information on conditions of remediation in this location
should be made available.
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Methodology - Chapter 3

3

Introduction
A series of laboratory experiments were conducted: physical soil characterization, proof of

indigenous bacterial ability to degrade pollutants, and effects of temperature on microbial diversity.
Mainly grouped into two experiments, Water Phase Batch Studies were conducted in order to
understand the feasibility of using biostimulation on these soils and the second major experiment,
Saturated Soil Batch Studies were conducted to determine the effectiveness and efficiency of the
microbes. The first batch of experiments, Water Phase Batch Studies, contained a 25:1 ratio of
water to soil sample. The mixture was agitated continuously for one month until contaminant
degradation stabilized. Urea and dipotassium phosphate were added to the mixture at the
commencement of the experiment, and monitoring throughout the experiment showed no
requirements for further amendments to the mixture. The second experiment, Saturated Soil Batch
Studies, also conducted in batches, provided more realistic results to in-situ remediation. The
samples were given all required nutrient amendments, including water, and were maintained at
three various temperatures: 15˚C, 25˚C, and 35˚C and lasted 35 days. The temperatures were
chosen to simulate the warmer months found in Southwestern Ontario. During Saturated Soil Batch
Studies effects of temperature on degradation were reviewed. This would aid in contributing
information about applying electron acceptors in the field and would help evaluate the outcome of
biostimulation at an oil refinery.
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3.1 Soil Sampling
A contaminated soil sample was obtained from Imperial Oil Refinery located in Sarnia,
Ontario and shipped to the University of Western Ontario in 2010. The soil was stored in a 20 L
HDPE drum at room temperature and sealed until experiments were conducted approximately two
months later, which may have allowed for more degradation to occur during this period of time.
Once initial data was collected, drums were moved to a refrigerator and maintained at 4˚C.

Figure 2: Contaminated samples received from Imperial Oil Refinery (Vattaso 2012).
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3.2

DNA Sequencing
Microbial classification was performed by the University of Guelph. It is important to

determine the diversity of microbes in the sample in order to understand as much about the
community dynamics as possible. Two samples, 10 g each, were submitted to Laboratory
Services for analysis. DNA was extracted using MoBio PowerSoil DNA extraction kit. The
method used for pyrosequencing by the University of Guelph Laboratory Services is described
in Appendix A (Wu et al. 2010). Roughly, pyrosequencing used polymerase chain reaction,
PCR, amplification and emulsion PCR to identify DNA. PCR amplification augments a single or
a few pieces of DNA, followed by Emulsion PCR, which isolated individual DNA for
sequencing. Data was analysed by the University of Guelph using Qiime, Quantitative Insights
into Microbial Ecology (Caporaso et al. 2010).

3.3

Metals
Metal toxicity is a problem at two levels. At the macroscopic level, high levels of metal

can lead to the introduction of high metal concentrations into the food chain. At a microscopic
level, metals can cause toxicity to microbial communities, disabling the communities' ability to
remediate the site. Heavy metals commonly found in the earth include Fe, Pb, Hg, As, Cr, Ni,
Zn, and Cd (Peters 1999). Tessier's sequential extraction method (Tessier et al. 1979) for
extracting metals from soils includes extracting exchangeable trace metals, trace metals bound
to carbonates, and trace metals bound to organics to cover all possibilities of desorption. Liang
et al. (2011) used Tessier's method of extraction to monitor the immobilization of Cd, Zn and
Pb; meanwhile, Begum et al. (2012) used the Tessier method to observe changed in Al, Ca,
Fe, Mg, and Mn during soil washing. Tessier's sequential extraction method is a very well
established and highly cited resource for metal extraction (Skipperud et al. 2013, Holden et al.
2013, Cui et al. 2013, Song et al. 2013, Cai et al. 2013).
Three-gram samples were dried overnight in a Fisher Scientific (Toronto, Canada)
oven at 105˚C before undergoing four Tessier procedures. During the first experiment,
exchangeable trace metals were extracted with 8 mL of 1 M sodium acetate solution for one
hour, with continuous agitation using a mechanical shaker at 300 oscillations per minute with
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the Burrell Wrist-Action Shaker (Pittsburgh, USA). The second experiment extracted trace
metals bound to carbonates. The soil sample from this metal extraction was leached with 8 mL
of 1 M NaOAc and adjusted to pH 5.0 with acetic acid. The leachate was then shaken on a
mechanical shaker, C10 Platform Shaker, Classic Series, by New Brunswick Scientific (Enfield,
USA), at 40 RPM overnight. Once the trace metals bound to carbonates were extracted, the
trace metals bound to Fe-Mn oxides were extracted next. The sample from the second
experiment was extracted with 20 mL of 0.04 M NH20H-HCl in 25% (v/v) HOAc at 96˚C for six
hours. The final experiment determined the trace metals bound to organic matter. Exactly 3 mL
of 0.02 M HN03 and 5 mL of 30% H2O2 was heated at 85˚C for two hours. A second addition of
3 mL of 30% H202 was heated to 65˚C for three hours. Once cooled, 5 mL of 3.2 M NH40Ac in
20% (v/v) HN03 was added and the sample was diluted to 20 mL and agitated continuously for
30 minutes. In between each experiment, each sample was washed with distilled water using
the Burrell Wrist-Action Shaker (Pittsburgh, USA) for 30 minutes at 300 oscillations per minute.
The sample then was filtered by vortex for 30 minutes at 8000 rpm with Sorvall RC-5B
Refrigerated Super Speed Centrifuge (Dupont Instruments, Mississauga, Canada). The liquid
phase of the sample was refrigerated at 4˚C until ready for analysis.
Inductively coupled plasma optical emission spectroscopy, Vista-Pro CCD
Simultaneous with Varian SPS-3 Sampler (Agilent, Mississauga, Canada), was used to
analyse the samples (Park et al. 2011, Dimpka et al. 2011, Malandrino et al. 2010). Exactly 10
mL of liquid extractant diluted with 2% nitric acid at a ratio of 1:10 was syringe-filtered into
vials. The vials were then mixed using a Genie Vortex (Mississauga, Canada) and the software
was set up for analysis. The program used to execute analysis was the ICP Expert program.
THE ICP-OES was calibrated using Fluka Analytical 54704 Multi-Element Standard Solution
(Oakville, Canada). The results were reported as ppm (mg/L).
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Figure 3: Series of sequential trace metal extraction includes (1) removal of exchangeable
trace metals from soil samples, (2) removal of trace metals bound to carbonates from soil
samples, (3) trace metals bound to Fe-Mn oxides from soil samples (Tessier 1979, Vattaso
2012).

32

3.4

Particle Size Distribution
Soil particle size distribution was determined by sieve analysis based on ASTM

D6913–04 (2009). Particle size distribution is important for ascertaining whether clay is a
dominant component of the soil. Biostimulation does not work well with clay due to the
presence of heterogeneous environments that prevent oxygen dispersion (FRTR 2012).
Exactly 500 g of clean sample, which was autoclaved to a temperature of 700°C, was ground
with a plastic mortar and pestle and then sieved on a 1 mm sieve. The contaminants were
removed using microwave-assisted extraction done by Tim Stephens at Western University.
The sample was then sieved through 0.375 mm, 4 mm, 10 mm, 12 mm, 60 mm, 100 mm, 120
mm, 200 mm and a pan. The entire apparatus was inserted in a Hoskin Scientific Rotary Lab
Sifter (Burlington, Canada). The sifter sorted the sample for 10 minutes.

3.5

Total Organic Carbon – Water Phase Batch Studies
Hach Method 10129 was used to analyse total organic carbon. Exactly 10 mL of

sample was added to a 50 mL flask. A 0.4 mL Buffer Solution that came with the kit was added
to the sample and a pH of 2 was confirmed with a pH meter, Orion 410A (Fisher Scientific,
Mississauga, Ontario). The flask was then placed on a stir plate, with a stirring rod already in
the flask, and the mixture was stirred for 10 minutes. Using the provided funnel, the contents of
one TOC Persulfate Powder Pillow was added to an Acid Digestion vial. A blank was always
prepared to compare data. Exactly 3 mL of de-ionized water was added to each vial and
swirled to mix. An ampule that changed colour relative to levels of organic carbon content in
the sample was placed in the acid digestion vial, and the top of the ampule was broken off. The
vial was then capped tightly and placed in the Büchi Waterbath B-480 (Oakville, Canada) for
two hours at 103-105°C. At the end of the two hours, the samples were allowed to cool for one
hour.
The reagent vials were then wiped with Kim wipes and inserted into the
spectrophotometer, Hach DR 500 (Mississauga, Canada). The test used on the
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spectrophotometer was “403 ORGANIC CARBON, TOTAL, Low Range”. The value was then
recorded in mg/L C.
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Figure 4: Liquid TOC experiments resulted in different colours as shown above (Vattaso
2012).
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3.6

Total Organic Carbon – Saturated Soil Batch Studies
Total organic carbon, TOC, was measured using the modified Walkley-Black method.

The Walkley-Black method is widely used because it is simple, rapid, and has minimal
equipment needs (Nelson and Sommers 1996). It has a mean TOC recovery of 76%, hence
there is a factor of 1.33 factored in at the end of the experiment (Walkley and Black 1934). The
US EPA has listed the Walkely-Black method as one of the best methods for determining TOC
in soils and sediments (Schumaher 2002).
The sample was oven-dried at 105˚C overnight. In a fume hood, 0.12 g of
homogenous sample was mixed with 10 mL of 1/6 M potassium dichromate. Exactly 20 mL of
concentrated sulphuric acid was added to the potassium dichromate mixture, and it was
allowed to cool to room temperature before further experimentation. Exactly 200 mL of deionized water was added to the mixture, and the entire process was repeated if the colour of
the mixture turned out to be green instead of orange. Using a glass pipette, 10 mL of
concentrated phosphoric acid was added to the mixture.
The mixture was then placed on a magnetic shaker. A pH meter was inserted into the
mixture and the stirring rod was turned on. The initial value was then recorded in mV. Using a
burette and a stand, 0.5 increments of ammonium ferrous sulphate solution was added to the
beaker of solution until an endpoint of approximately -500 mV was reached. Three blanks were
then performed to calculate any organic carbon found in the reagents; any traces of TOC in the
reagents were subtracted from the value recorded in the experiments on the sample.
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Figure 5: Reagents used in modified Walkley-Black Method included potassium dichromate
(orange reagent) and potassium dichromate titrated with ammonium ferrous sulphate (green
reagent (Vattaso 2012).
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3.7

Phosphorous
Total phosphorous was determined using the Olsen Method (Olsen et al. 1954). It is

necessary to determine total phosphorous because phosphorous is an important nutrient
required in order for carbon to be used as an energy source (Singh 2009). The USDA Natural
Resources Conservation Services (Elrashidi 2010) has listed a few methods of determining
phosphorous content based on pH levels. Based on determined pH levels, the Olsen method
was found to be the simplest, requiring the least amount of chemicals.
Soil samples were homogenized before analysis by sieving them through a 1 mm
sieve. Exactly 2 g of air-dried homogenized soil sample was extracted using 0.5 N NaHCO3 in
a mechanical shaker for 30 minutes at 300 oscillations per minute with the Burrell Wrist-Action
Shaker (Pittsburgh, USA). Exactly 40 mL of 0.5N NaHCO3 was used for the extraction. The
solution was immediately filtered by vortex for 30 minutes at 8000 rpm with Sorvall RC-5B
Refrigerated Super Speed Centrifuge (Dupont Instruments, Mississauga, Canada). The
sample was used to fill 10 mL vials for spectrophotometry. An absorbance wavelength of 882
nm was used to determine phosphorous concentration (Mehlich 1985). The spectrophotometer
used was the Hach DR 500 (Mississauga, Canada). The results were reported as ppm (mg/L
P).
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3.8

Nitrogen
Nitrogen is another important nutrient required for carbon to be used as an energy

source (Singh 2009). Available nitrogen was determined using the Kjeldahl Method (Kachurina
2000). Nitrogen was determined by analysing nitrites, nitrates and ammonium. Soil samples
were homogenized before analysis by passing samples through a 100 mm sieve. Exactly 5 g
of air-dried homogenized soil sample was extracted using 2.0 N KCl in a mechanical shaker for
30 minutes at 300 oscillations per minute with the Burrell Wrist-Action Shaker (Pittsburgh,
USA). For the extraction, 25 mL of 2.0 N KCl of was used. The solution was vortexed for 30
minutes at 8000 rpm with Sorvall RC-5B Refrigerated Super Speed Centrifuge by Dupont
Instruments (Mississauga, Canada). Before spectrophotometry, 10 mL vials were filled with
filtrate. Before each analysis, the instrument was calibrated using Test ‘N Tube NitraVer X
Reagent Set.
The spectrophotometer used was the Hach DR 500 (Mississauga, Canada).
Ammonium concentrations were determined using the Hach Ammonium-Nitrogen Test Kit and
Hach Method 10020 (2007). Exactly 1 mL of sample was added to the NitraVer X Reagent A
Test ‘N Tube vial. The tube was then capped and inverted ten times. Using a funnel, the
contents of one NitraVer X Reagent B Powder Pillow package was added to the sample vial.
The tube was then capped and inverted ten times. After five minutes, the tubes were wiped
with Kim wipes and placed into the spectrophotometer for analysis. The results were reported
as ppm (mg/L).

3.9

C:N:P
Once the total organic carbon, total nitrogen and total phosphorous were determined,

a C:N:P ratio, i.e. carbon, nitrogen and phosphorous, was maintained at 100:10:1 (Kuo 1999).
A nitrogen source of urea was used to supplement deficiencies in nitrogen and a phosphorous
source of dipotassium phosphate was used to supplement phosphorous deficiencies.
Calculations to determine C:N:P ratios are found in Appendix B.
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Water Holding Capacity

3.10

For optimal biostimulation, water holding capacity must be at 60% (Kuo 1999). Water
holding capacity was estimated using Sosulski (1962) and Miedzianka et al. (2011). Exactly
100 mL of water was added to 10 g of soil. The sample was mixed every 30 seconds with a
glass rod, for 3.5 minutes. After mixing seven times, the sample was centrifuged for 30 minutes
at 8000 rpm with Sorvall RC-5B R1efrigerated Super Speed Centrifuge (Dupont Instruments,
Mississauga, Canada). The remaining liquid was poured out. Excess moisture was removed in
an oven (Fisher Scientific, Toronto, Canada) at 50˚C for 25 minutes. The dried 10 g of sample
was then weighed and the water holding capacity was measured in g/g, grams of water per
gram of soil.

Moisture Content

3.11

Moisture content was measured to determine the actual amount of moisture in the
samples. Moisture content was determined using ASTM D2216 - 10. Exactly 10 g of soil
sample was weighed and oven-dried in an oven (Fisher Scientific, Toronto, Canada) at 110˚C
in a glass jar overnight. The dried soil was then weighed again, and the moisture content was
calculated using the following equation:
% moisture = (m0 - m1/ m0) x 100

(1)

Where:
m0= mass of soil sample before oven drying, g
m1= mass of soil sample after oven drying, g

3.12

Polycyclic Aromatic Hydrocarbons
For Water Phase Batch Studies, liquid-liquid extraction (Huddleston and Rogers 1998)

was used by pouring 10 mL of sample into a 20 mL PTFE-lined jar, VWR® TraceCleanTM
(Mississauga, Canada). Exactly 10 mL of dichloromethane was added to the sample and then
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the jar was inverted for 10 minutes. Once the mixing was complete, the sample was poured
into a 250 mL Chemglass® separatory funnel (Vineland, USA) and the organic layer was
collected in a beaker. This process was repeated three times. The organic remnants were
stirred with anhydrous sodium sulphate to remove any remaining water, and then transferred to
a flask that attached to a rotary evaporator, Büchi Waterbath B-480 (Oakville, Canada). Once
all the dichloromethane was evaporated from the flask, 10 mL of acetonitrile was added. The
acetonitrile was mixed with the sample for 10 minutes and then collected into a 1.5 mL gas
chromatograph vial. If the vials were not being tested right away they were stored in the freezer
until ready for analysis.
For Saturated Soil Batch Studies, US EPA Method 3540c was used for PAH
extraction. Soil samples were homogenized before analysis by passing the samples through a
1 mm sieve. Exactly 10 g of homogenized soil sample was extracted using the Soxhlet
apparatus for 24 hours, with four to six cycles per hour. The extractant used was 250 mL of 1:1
ratio of acetone: hexane.
The extract was then filtered through anhydrous sodium sulphate to remove the
remaining water, and was concentrated using a rotary evaporator Büchi Waterbath B480(Oakville, Canada). Ten millilitres of acetonitrile were added to the PAHs. A GC vial was
then filled with 1µL of sample in 100 µL of extract and the sample was analysed by GC/MS,
Agilent 7890A GS (Mississauga, Canada).
Each sample was analysed using GC/MS, Agilent 7890A GS equipped with Agilent
5975C MS, using a DB-5 column. The GC/MS Data Analysis Program was used to determine
peaks. EPA Method 8270c was used for GC/MS protocol. The sample was injected with an
initial temperature of 40˚C, held for 4 minutes, ramped 10˚C/min up to a final temperature of
270˚C and held for approximately 10 minutes until benzo(g,h,i)perylene eluted. The carrier gas
was helium and it flowed at a rate of 4.0 mL / min. The results were reported as ppm (µg/g) on
a dry weight basis.
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Figure 6: Soxhlet apparatus experimental set up included three connected apparatus.
Aluminium foil was wrapped around the base flasks to prevent heat from escaping during
evaporation of the extractant (Vattaso 2012).
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3.13

pH Measurement
The pH of the soil sample was measured by taking 20 g of dry sample and mixing it

with distilled water to a soil:water ratio of 1:2, as recommended by EPA Method 9045D. The
sample was stirred and the tip of the pH probe was immersed in the liquid phase. The pH
meter used was Orion 410A Model (Fisher Scientific, Mississauga, Canada). The pH probe
was calibrated using 4.0, potassium hydrogen phthalate buffer; 7.0, phosphate buffer; and
10.0, carbonate buffer, using Caledon standards.

3.14

Plate Count Method
Plate counting of bacteria colonies was performed using modified FDA guidelines

(FDA 2001). The sample was diluted to concentrations of 1:10 000, 1:100 000 and 1:1 000
000. These values were used based on previous experiments conducted on the Water Phase
Batch Studies tests ranging from concentrations of 1:1 to 1:1 000 000. Exactly 1 mL of each
dilution was pipetted using Corning® Stripette® Disposable Sterile Serological Pipets into
sterile petri dishes, and then BD Falcon and 9 mL of DifcoTM LB Agar kept at 65˚C was poured
into the petri dishes. Each petri dish was then mixed by rotating slowly in an “8” motion 25
times in each direction. Once the agar broth hardened it was turned upside down to prevent
moisture pockets, and the petri dishes were then placed in a 35˚C incubator, the Fisher
Scientific oven (Toronto, Canada), for 48 ± 2 hours. Plates with colonies ranging between 30 300 counts were tallied. Pots and stirring rods to mix the agar were sterilized in an autoclave at
105˚C for 15 minutes before use. All dilutions were repeated in triplicates.
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3.15

Water Phase Batch Studies
Soil samples, each weighing 10 g, were mixed with 100 mL of distilled water and kept

at room temperature, 20˚C, in 250 mL glass jars, VWR I-CHEM Certified 100 Series wide
mouth (Mississauga, Canada). There was 50 mL of head space. Lids were made of
fluoropolymer resin-lined polypropylene. Depending on total organic carbon quantities, nitrogen
and phosphorous were added to provide nutrients to microbial communities in dilutions of
water which would provide 50% weight in soil samples (Adam et al. 2011).
Triplicate experiments were conducted to verify results. In total, six jars were used per
experiment. Three jars were prepared with soil samples that contained no amendments to
compare results of biostimulation to natural attenuation. Three jars contained samples with a
nitrogen source and no phosphorous additions.
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Figure 7: Water Phase Batch tests consisted of 100mL distilled water and 10 g of
contaminated soil samples (Vattaso 2012).
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3.16

Saturated Soil Batch Studies
Atlas (1981) reviewed the effect of temperature and discovered that temperature

affects viscosity, water solubility and chemical composition of compounds. It also affects the
rate of hydrocarbon metabolism and the composition of microbial communities. Thus
monitoring temperature changes were important. Soil samples, 50 g per jar, were maintained
at three temperatures: 15˚C, 25˚C and 35˚C.The samples were contained in 250 mL glass jars,
VWR I-CHEM Certified 100 Series wide mouth (Mississauga, Canada). There was 200 mL of
head space. Lids were made of fluoropolymer resin-lined polypropylene. Depending on total
organic carbon content, nitrogen and phosphorous were added to provide nutrients to microbial
communities in dilutions of water that provided 50% water hold capacity in the soil samples
(Adam et. al 2011). A C:N:P ratio of 100:7.5:0.5 was maintained (Sanscartier et al. 2009). Urea
and dipotassium phosphate were used as nutrient sources.
Duplicate experiments were conducted to verify results. In total, six biostimulated jars
were used per experiment per temperature chamber. Three jars were prepared with soil
samples that involved no amendments to compare results of biostimulation to natural
attenuation, and to observe a test blank.
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Figure 8: Saturated Soil Batch Tests consisted of 60% saturation of 50 g of contaminated
soils (Vattaso 2012).
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3.17 Conclusions
From these laboratory tests, the effect of temperature monitored. Plate count was used to
support the hypothesis that degradation was a result of microbial activity. The end goal was to
determine how effective biostimulation would work and how to improve upon results, or whether or
not to suggest biostimulation as a method of remediation for the refinery soils in Ontario. The
experiments were chosen based on either government guidelines or based on how well cited was
the source.
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Results & Analysis - Chapter 4

4

Introduction
Water Phase Batch Studies were monitored to determine if bioremediation using

indigenous species was feasible and if biostimulation would increase degradation of PAHs.
Saturated Soil Batch Studies proceeded the Water Phase Batch Studies to determine if
temperature would affect degradation. It is well known that bacteria tend to work more effectively in
warmer temperatures. Temperatures of 15°C, 25°C and 35°C were chosen based on summer
temperatures of the region from where the contaminants and native bacteria were found. The
purpose of these experiments were to give preliminary answers to questions about how
biostimulation would work if applied to this site, and to act as a predecessor of future field
applications of biostimulation.
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4.1

DNA Sequencing
Five bacterial families were observed to have a population of 2% or greater as

revealed by pyrosequencing. Proteobacteria was the dominant phylum in the sample,
containing ~47% of the population, followed by Bacteroidetes at ~18%. From the
Alteromonadaceae family, it was determined that the dominant genus was Marinobacter. From
the Desulfobacteraceae, Desulfococcus was the most abundant. In the Cellulomonadaceae
family, Demequina genus was the most prevalent, and in the Xanthomonadales family,
Solimonas was the dominant genus. Figure 9 and Figure 10 show the quantity of each species,
given in Operational Taxonomic Units, OTU, as found by the University of Guelph laboratory
found in the samples. In Table 3, the most dominant species of bacteria that were found in the
samples are listed, along with the percentage that they make up in the population. Both
samples have shown approximately the same amount of bacteria in each sample that was
provided to the University of Guelph.
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Figure 9: Observed species distribution in one of two samples submitted to the University
of Guelph where OTU spike of approximately 10% of the population belongs to the family of
Flavobactericeae (University of Guelph 2012).

Figure 10: Observed species distribution in two of two samples submitted to the University
of Guelph where OTU spike of approximately 12% of the population belongs to the family of
Flavobactericeae (University of Guelph 2012).
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Table 3: Percentage of phylum contained in refinery soils (University of Guelph 2012).
Bacteria Family
Flavobacteriaceae
Alteromonadaceae
Desulfobacteraceae
Cellulomonadaceae
Xanthomonadales
Haliangiaceae
Desulfobulbaceae

Sample 1
11.72
10.71
6.86
3.71
3.63
2.92
2.37

Sample 2
9.88
7.08
5.74
5.58
5.05
2.72
2.90

Average Mean
10.79695
8.8912
6.2997
4.6435
4.34335
2.8214
2.6345

STD Err
1.3
2.6
0.8
1.3
1.0
0.1
0.4
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The most dominant phylum found in the sample was Proteobacteria. All
proteobacteria were gram-negative. Proteobacteria have very diverse metabolisms and
are usually divided into α-, β-, γ-, δ- and ε- proteobacteria (Madigan and Martinko 2005).
The α-proteobacteria contain many species of aerobic and anaerobic bacteria i.e. nitrateand methane-reducing bacteria. They are usually the most abundant division of the
proteobacteria. The β- proteobacteria are capable of reducing oxygen and nitrate, whereas
γ-proteobacteria usually have the ability to metabolise a wide range of carbon compounds.
The δ-proteobacteria comprise mostly aerobic species but also contain anaerobic species
such as sulfate- and iron-reducing bacteria (Gupta 2000). Few genera of ε- proteobacteria
have been identified; however, it is well accepted that the genera are the most dominant
organism in the deep sea (Sogin et al. 2006).
Flavobacteriaceae are found in marine environments all over the world (Bernadet
2006). In the Prestige Oil Spill (Jiménez et al. 2007), high-molecular-weight n-alkanes and
alkylated PAHs were degraded with the use of the fertiliser S200 as a nutrient
enhancement. Rhodobacteriaceae Sphingomonadaceae, Chromatiales, Moraxellaceae,
Halomonadaceae, Nocardiaceae and Corynebacteriaceae were also found to be present
in existing oil refinery soils. The researchers discovered that at the beginning of the 60-day
experiment, the α-proteobacteria dominated the sample; however, by the end of the
experiment, the γ-proteobacteria, i.e. Actinobacteria increased in numbers, whereas the αproteobacteria decreased in population. They also discovered an appearance of a
bacterial group not present at the beginning of the study, oil-degrading Rhodococcus.
Suzuki et al. (2001) have determined that nitrate and/or ammonium as a source of nitrogen
could not be metabolized by Flavobactericeae and that the bacteria require nitrogen as a
nitrogen source. An unknown species of Flavobactericeae had been observed to constitute
for 9.88-11.7% of the population. There is a possibility that this genus belongs to the wellknown PAH degrading species Flavobacterium. Atlas and Bartha (1972) have isolated
Flavobacterium sp. capable of degrading 57% of a light crude oil supplement in 12 days of
an aerobic microcosm experiment. With the help of five different species of fungi,
Flavobacterium sp., Bacillus sp., and Zoogloea sp. were able to degrade 35-41.3% of
PAHS after 64 days. Samples were collected from Shenfu Irrigation Area in China (Li et al.
2009). Flavobacterium sp., Bacteroides sp. and Chlorofexus sp. were able to degrade 99-
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100% of naphthalenes and 4-5 ring PAHs by 82% from thin oil films in cold seawater
(Brakstad et al. 2004). Marinobacter, a member of the clade Alteromonadaceae, are
known to degrade alkanes (Tapilatu 2010, Li et al. 2013). They are anaerobic denitrifiers
(Krishnani 2010, Zheng et al. 2012) that have also been cited as being able to degrade
PAHs (Ventosa et al. 1998, Brito et al. 2006). Fragoso dos Santo et al. (2011) saw an
increase in the population of Marinobacter during an experiment lasting 66 days that
simulated an oil spill. Likewise, Kostka et al. (2011) determined that Marinobacter, along
with Alcanivorax, and Rhodobacteraceae, were important members in the degradation of
the Deepwater Horizon Spill in the Gulf of Mexico. Vila et al. (2010) also found that
Marinobacter were important in the degradation of PAHs in a community including
Maricaulis, Roseovarius, and Methylophaga. The bacteria found in this study are not the
same as the community found in Jiménez's study in 2007 also using Prestige Oil
Contaminants; however, two of the most important genus recorded are both found in soil
samples used in the Sarnia samples. Jiménez also completed a study in 2010 using the
Prestige Oils and found Marinobacter capable of degrading 40% in 60 days.
Desulfobacteraceae is a sulfate reducer found mainly in marine environments.
(Leloup et al. 2009, Zhang et al. 2008, Jørgensen 1978, Lloyd et al. 2010, Miletto et al.
2011). Desulfobacteraceae oxidize organic carbon compounds to CO2. Abed et al. (2011)
concluded that Desulfococcus is capable of growing on hydrocarbons, i.e. crude oil. Other
studies have observed Desulfobacteraceae and Desulfobulbaceae growing and working
together in marine environments (Lloyd et al. 2010, Godfredi and Orphan 2010, Miletto et
al. 2011, Zhang et al. 2008,Gittel et al. 2008, Kittelmann et al. 2008). Like
Desulfobacteraceae, Desulfobulbaceae is also a sulfate-reducer (Miletto et al. 2011, Asami
et al. 2005, Finkelstein et al. 2006). The family has been known to degrade petroleum
products such as toluene and benzene (Bombach et al. 2010, Jehmlich et al. 2010, Sun
and Cupples2012, Kunapuli 2007). Neither family contributes to the degradation of PAHs
but they have been observed remove other contaminants commonly found at oil refineries.
Also found in marine environments, some of the genera of Cellulomonadaceae are
aerobic (Khan et al. 2009, Schellenberger 2011); however, the genera Actinotalea, from
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the family of Cellulomondaceae, is facultatively anaerobic, i.e. nitrate reducing (Yi et al.
2007). Other than the genera of Cellumonas, not much has been recorded for this phylum.
Another anaerobe, Xanthomonadales, has been observed to increase sulphur availability
through oxidation and phosphate amendments through solubilization (Anandham et al.
2008). In contrast to Flavobacterium, Xanthomonadales has shown positive effects
through growth when the use of inorganic supplements had been used (Campbell et al.
2010). Some genera of Xanthomonadales, i.e. Xanthomonas, have been found to be
aerobic (Campbell et al. 2010). In the samples used for this study, the genera Solimonas,
belonging to the phylum Xanthomonadales, was aerobic (Sheu et al. 2011).
The dominant species of the community are mostly anaerobes. Flavobacteria and
Marinobacter will have the greatest impact on PAH degradation from the contaminated
samples from Imperial Oil.
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4.2

Metals
The results showed that the metals under consideration were all below the maximum

acceptable levels reported in literature. Copper, zinc, cadmium, chromium (III and VI), nickel,
mercury, and lead have been reported to inhibit microbial processes (Sandrin and Maier 2003).
Atagana (2006) reported that copper (II) ions did not affect microbial activity overall, but did
cause an initial delay in degradation. In Table 4, published quantities of acceptable cadmium
and zinc have been compared to concentrations found in the contaminated samples from
Imperial Oil. The concentrations of cadmium and zinc are quite low in most cases, being a
factor of less than 100 of the published maximum allowable quantities in soil samples.
According to the Canadian Soils guidelines, published by the Canadian Council of Ministers of
the Environment, CCME, the maximum allowable concentration are as follows: copper, 91
µg/g; chromium, 87 µg/g; nickel, 50 µg/g; lead, 600 µg/g; and zinc, 360 µg/g (CCME 2008).
The results from the contaminated soil samples were: copper, 2.03 ± 0.14 µg/g; chromium
0.28 ± 0.02 µg/g; nickel, 0.67 ± 0.16 µg/g; lead, 1.27 ± 1.0 µg/g; and zinc, 7.03 ± 0.22 µg/g. In
Figure 11, a comparison of acceptable amounts of metal in Canadian soils versus the amount
of metal found in the samples was shown. It can be determined that the levels found at the
refinery were well below acceptable standards as given by the CCME.
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Figure 11: Experiemental metal analysis of samples from Imperial Oil Refinery (Dark red bar
graphs) revealed that metal toxicity remediation was required as the guidelines described
by the Canadian Council of Ministers of the Environment (CCME, light red bar graphs)
shows that existing toxic metal concentrations are not harmful to humans.
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Table 4: Microbial metal tolerances (Baldrian et al. 2000, Wong et al. 2005, Springael et al.
1993, Irha et al. 2003).
Metal

Reference

Cd2+
Zn2+

Hg2+

Baldrian et al. (2000)
Wong et al. (2005)
Springael et. al
(1993)
Baldrian et al. (2000)

Pb2+

Irha et al. (2003)

Ni2+

Lowest Metal Quantity
Allowable
100–500 mg/kg
720–1440 mg/kg

Concentration found in Sarnia
Refinery Soils
0.025 ± 0.01 mg/kg
7 ± 0.22 mg/kg

5-10 mg/kg

0.67 ± 0.16 mg/kg

50-100 mg/kg

7.03 ± 0.22 mg/kg

6 mg/kg

1.27 ± 1.0 mg/kg
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4.3

Particle Size Distribution
Particle sizes were sieved in order to determine if the soil was mainly comprised clay,

because clay soils inhibit the in-situ distribution of nutrients in some form of media, such as
water, due to clay’s complex matrix (FRTR 2014). According to the MIT Classification (MIT),
the soil samples contained 2% clay, 20% silt, 63% sand, and 15% gravel. The Ontario Ministry
of Agriculture and Food reported that most of Sarnia soils were Brady series sandy loam
(OMAF1957). Sayara et al. (2011) had determined after a 30 day experiment involving sandy
loam, biostimulation decreased PAH concentrations by 89%, meanwhile natural attenuation
yielded a 30% decrease. In a 195 day experiment, Asquith et al. (2012) had observed 10-32%
TPH reduction in non-amended sandy loam soil and 49% TPH reduction with biostimulated
sandy loam. Sandy loam has been cited to be an acceptable soil texture for in-situ
biostimulation.

4.4

C:N:P
During the month-long Water Phase Batch Studies, where 10 g of sample soil was

mixed with 100 mL of distilled water and kept at room temperature, 20˚C, while constantly
agitated, urea was added with a value of approximately 0.01g as the nitrogen amendment and
no phosphorous was added because none was required. During Saturated Soil Batch Studies,
nitrogen was required and was supplemented in the form of urea. Urea was added to the
samples at approximately 0.486 g as the nitrogen source and 0.085 g dipotassium phosphate
was added as the phosphorous amendment. Less urea was required during Water Phase
Batch Studies due to the fact that during TOC extraction only soluble forms of carbons were
available for extraction in the aqueous solution. Over the extent of the experiment, no extra
additions of the nutrients were required. During the experiment, nitrates, phosphates and
ammonium were monitored to determine if nutrient amendments were required. Ammonia
concentrations increased from 0.66 g (natural attenuated sample) to 0.80 g (biostimulated
sample) by the third day, and remained at these concentrations throughout the remainder of
the experiment. The increase in ammonia could have been a product of the process called
ammonification or urea hydrolysis (Lee et al. 2013, Huang et al. 2006). Ammonification is the
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process where bacteria break down urea and produce ammonia as a result of the oxidation of
urea, CO(NH2)2, to ammonia by the microbial enzyme urease.
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4.5
Polycyclic Aromatic Hydrocarbons - Water Phase Batch
Studies
In Water Phase Batch Studies, the results showed a potential for indigenous bacteria
to be capable of degrading all 13 PAHs (Figure 12-24). Compared to natural attenuation,
biostimulation showed an increase in performance by indigenous community.
Benz(a)anthracene was the only PAH that showed the same results and activity in both natural
attenuation and biostimulation (Figure 16). It was hypothesized that biostimulation would
increase microbial activity, thus, increasing the digestion of PAHs. All PAH concentrations
plotted were a result of finding the median concentration between the triplicate batches
studied.
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Figure 12: Water Phase Batch Studies degradation of 3-ring aromatic acenaphthylene
where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples. The rapid decrease in
acenaphthylene may have been due to a number of factors including biodegradation,
volatilization and readsorption back on to the soils. There is an indication that
biostimulation is effective in the first couple of days due to the lower concentrations of the
biostimulated samples versus naturally attenuated samples.
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Figure 13: Water Phase Batch Studies degradation of 3-ring aromatic anthracene where: (a)
blue triangle represent unamended contaminated soil samples and (b) red squares
represent amended contaminated soil samples. The rapid decrease in anthracene may have
been due to a number of factors including biodegradation, volatilization and readsorption
back on to the soils. There is an indication that biostimulation is effective in the first couple
of days due to the lower concentrations of the biostimulated samples versus naturally
attenuated samples.
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Figure 14: Water Phase Batch Studies degradation of 3-ring aromatic fluorene where: (a)
blue triangle represent unamended contaminated soil samples and (b) red squares
represent amended contaminated soil samples. The rapid decrease in fluorene may have
been due to a number of factors including biodegradation, volatilization and readsorption
back on to the soils. There is an indication that biostimulation is effective in the first couple
of days due to the lower concentrations of the biostimulated samples versus naturally
attenuated samples.
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Figure 15: Water Phase Batch Studies degradation of 3-ring aromatic phenanthrene where:
(a) blue triangle represent unamended contaminated soil samples and (b) red squares
represent amended contaminated soil samples. The rapid decrease in phenanthrene may
have been due to a number of factors including biodegradation, volatilization and
readsorption back on to the soils. There is an indication that biostimulation is effective in
the first couple of days due to the lower concentrations of the biostimulated samples
versus naturally attenuated samples. Phenanthrene trends are different than the other 13
PAH trends found in the Water Phase Batch Study experiments. This may been due to many
reasons, including a lag phase in the batches where the bacteria were still immobile from
being kept at such cold conditions or a lack in vapourization when the lid was opened
causing contaminated biostimulated samples to degrade very slowly in the first couple of
days.
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Figure 16: Water Phase Batch Studies degradation of 4-ring aromatic benz(a)anthracene
where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples. The rapid decrease in
benz(a)anthracene may have been due to a number of factors including biodegradation,
volatilization and readsorption back on to the soils. There is an indication that
biostimulation is effective in the first couple of days due to the lower concentrations of the
biostimulated samples versus naturally attenuated samples.
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Figure 17: Water Phase Batch Studies degradation of 4-ring aromatic chrysene where: (a)
blue triangle represent unamended contaminated soil samples and (b) red squares
represent amended contaminated soil samples. The rapid decrease in chrysene may have
been due to a number of factors including biodegradation, volatilization and readsorption
back on to the soils. There is an indication that biostimulation is effective in the first couple
of days due to the lower concentrations of the biostimulated samples versus naturally
attenuated samples.
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Figure 18: Water Phase Batch Studies degradation of 4-ring aromatic pyrene where: (a) blue
triangle represent unamended contaminated soil samples and (b) red squares represent
amended contaminated soil samples. The rapid decrease in pyrene may have been due to a
number of factors including biodegradation, volatilization and readsorption back on to the
soils. There is an indication that biostimulation is effective in the first couple of days due to
the lower concentrations of the biostimulated samples versus naturally attenuated samples.
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Figure 19: Water Phase Batch Studies degradation of 5-ring aromatic benzo(b)fluoranthene
where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples. The rapid decrease in
benzo(b)fluoranthene may have been due to a number of factors including biodegradation,
volatilization and readsorption back on to the soils. There is an indication that
biostimulation is effective in the first couple of days due to the lower concentrations of the
biostimulated samples versus naturally attenuated samples.
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Figure 20: Water Phase Batch Studies degradation of 5-ring aromatic benzo(k)fluoranthene
where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples. The rapid decrease in
benzo(k)fluoranthene may have been due to a number of factors including biodegradation,
volatilization and readsorption back on to the soils. There is an indication that
biostimulation is effective in the first couple of days due to the lower concentrations of the
biostimulated samples versus naturally attenuated samples.
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Figure 21: Water Phase Batch Studies degradation of 5-ring aromatic benzo(a)pyrene where:
(a) blue triangle represent unamended contaminated soil samples and (b) red squares
represent amended contaminated soil samples. The rapid decrease in benzo(a)pyrene may
have been due to a number of factors including biodegradation, volatilization and
readsorption back on to the soils. There is an indication that biostimulation is effective in
the first couple of days due to the lower concentrations of the biostimulated samples
versus naturally attenuated samples.
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Figure 22: Water Phase Batch Studies degradation of 6-ring aromatic indeno(123-cd)pyrene
where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples. The rapid decrease in ideno(123cd)pyrene may have been due to a number of factors including biodegradation,
volatilization and readsorption back on to the soils. There is an indication that
biostimulation is effective in the first couple of days due to the lower concentrations of the
biostimulated samples versus naturally attenuated samples.
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Figure 23: Water Phase Batch Studies degradation of 5-ring aromatic dibenz(a,h)anthracene
where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples. The rapid decrease in
dibenz(a,h)anthracene may have been due to a number of factors including biodegradation,
volatilization and readsorption back on to the soils. There is an indication that
biostimulation is effective in the first couple of days due to the lower concentrations of the
biostimulated samples versus naturally attenuated samples.
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Figure 24: Water Phase Batch Studies degradation of 5-ring aromatic benzo(g,h,i)perylene
where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples. The rapid decrease in
benzo(g,h,i)perylene may have been due to a number of factors including biodegradation,
volatilization and readsorption back on to the soils. Both biostimulated samples and
naturally attenuated samples appear to degrade at similar rates in this observation.
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In general, PAH degradation in this study showed biostimulated studies reached below
detectable levels before naturally attenuated studies, with a difference of approximately 2
mg/kg by the third day. Mair et al. (2013) had also recorded a 10% increase in biostimulation
degradation as opposed to natural attenuation. Farahanai and Mirbagheri (2011) found after 4
weeks, biostimulation yielded better degradation than natural attenuation at 45.7% PAH
removed versus 37.2% PAH removed. After three weeks, biostimulated and naturally
attenuated batches in this study decreased to undetectable for all PAHs. Both biostimulated
and natural attenuated batches showed rapid degradation in the first 3 days. It is well known
that with bacterial degradation, sequentially, there is a lag phase, an exponential growth phase
and a stationary phase followed by a death phase, where food reserves are depleted and
conditions become unfavourable to bacteria, resulting in autolysis (Ghaly et al. 2013,
Ekundayo and Osunla 2013, Narasimhulu and Nanganuru 2010). An explanation as to why a
lag phase was not shown in these samples is that these samples came to Western University
already contaminated and the amount of time it was contaminated could have been the time
when the lag phase occurred in these samples. Another explanation was that during the two
months of being kept in the refrigerator, a lag phase could have also been occurring at this
period of time as well, and once analysis began, the bacteria may have already been in the
exponential growth phase. The rapid decrease within the initial few days may have been a
combination of many factors such as volatilization, biostimulation, and re-adsorption of PAHs
back on to soils.
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4.7

Polycyclic Aromatic Hydrocarbons - Saturated Soil Batch Studies
In Saturated Soil Batch Studies, temperature effects on biostimulation and natural

attenuation on the soils were monitored. The water holding capacity of the soil sample was 22.7%
and the moisture content was <0.1 g. To achieve 60% moisture of the water holding capacity in the
sample of 50 g, 18.65 mL of distilled water was added to the batches. The moisture content was
monitored over time and no additional volumes of water were required. In this experiment,
benzo(a)pyrene, ideno(1,2,3-cd)pyrene, benzo(ghi)perylene and dibenzo(ah)anthracene were
found to be non-existent in the sample. This may have been due to volatilization during sample
preparation for the experiment or an inadequate amount extraction time in the soxhlet apparatus.
Approximately 15–60% of semi-volatile 4- and 5-ring PAHs can be lost due to volatilization alone
(Huesemann 1995, Hawthorne and Grabanski 2000, Salanitro 2001, Mphekgo et al. 2004). In
these experiments, biostimulation showed no apparent impact on contaminant degradation.
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Figure 25: Experimental results of acenaphthylene during Saturated Soil Batch Studies at a
temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 26: Experimental results of acenaphthylene during Saturated Soil Batch Studies at a
temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 27: Experimental results of acenaphthylene during Saturated Soil Batch Studies at a
temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 28: Experimental results of anthracene during Saturated Soil Batch Studies at a
temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 29: Experimental results of anthracene during Saturated Soil Batch Studies at a
temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 30: Experimental results of anthracene during Saturated Soil Batch Studies at a
temperature of 35°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 31: Experimental results of fluorene during Saturated Soil Batch Studies at a
temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 32: Experimental results of fluorene during Saturated Soil Batch Studies at a
temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 33: Experimental results of fluorene during Saturated Soil Batch Studies at a
temperature of 35°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

82

Figure 34: Experimental results of phenanthrene during Saturated Soil Batch Studies at a
temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 35: Experimental results of phenanthrene during Saturated Soil Batch Studies at a
temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 36: Experimental results of phenanthrene during Saturated Soil Batch Studies at a
temperature of 35°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 37: Experimental results of benz(a)anthracene during Saturated Soil Batch Studies at
a temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 38: Experimental results of benz(a)anthracene during Saturated Soil Batch Studies at
a temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 39: Experimental results of benz(a)anthracene during Saturated Soil Batch Studies at
a temperature of 35°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 40: Experimental results of chrysene during Saturated Soil Batch Studies at a
temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 41: Experimental results of chrysene during Saturated Soil Batch Studies at a
temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 42: Experimental results of chrysene during Saturated Soil Batch Studies at a
temperature of 35°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 43: Experimental results of pyrene during Saturated Soil Batch Studies at a
temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 44: Experimental results of pyrene during Saturated Soil Batch Studies at a
temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 45: Experimental results of pyrene during Saturated Soil Batch at a temperature of
35°C where: (a) blue triangle represent unamended contaminated soil samples and (b) red
squares represent amended contaminated soil samples.
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Figure 46: Experimental results of benzo(b)fluoranthene during Saturated Soil Batch
Studies at a temperature of 15°C where: (a) blue triangle represent unamended
contaminated soil samples and (b) red squares represent amended contaminated soil
samples.

Figure 47: Experimental results of benzo(b)fluoranthene during Saturated Soil Batch
Studies at a temperature of 25°C where: (a) blue triangle represent unamended
contaminated soil samples and (b) red squares represent amended contaminated soil
samples.
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Figure 48: Experimental results of benzo(b)fluoranthene during Saturated Soil Batch
Studies at a temperature of 35°C where: (a) blue triangle represent unamended
contaminated soil samples and (b) red squares represent amended contaminated soil
samples.
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Figure 49: Experimental results of benzo(k)fluoranthene during Saturated Soil Batch Studies
at a temperature of 15°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.

Figure 50: Experimental results of benzo(k)fluoranthene during Saturated Soil Batch Studies
at a temperature of 25°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Figure 51: Experimental results of benzo(k)fluoranthene during Saturated Soil Batch Studies
at a temperature of 35°C where: (a) blue triangle represent unamended contaminated soil
samples and (b) red squares represent amended contaminated soil samples.
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Data points in Saturated Soil Batches were an average between duplicate experiments.
Triplicate experiments could not be conducted due to extensive amount of time required for the
extraction method. Degradation failed to reach governed acceptable concentrations of PAHs
(Table 5) at an industrial site. It was difficult to draw conclusions from Saturated Soil Batches
(Figure 25-51) due to the design of the experiment itself. As opposed to creating a large batch
study and taking samples from the same jar, samples were taken from separate jars. This may be
the reason that there are fluctuations in concentrations in all samples. The stirring of the nutrients
into the soil samples caused some chunks on contaminated soil sample to break apart, causing
different concentrations of contaminants to be in each sample. For clumps that broke apart,
contaminant concentration would decrease due to the fact that crude oil does not absorb into soil
but rather it adsorbs on to soil (Straube et al. 2003). Thus, uncontaminated soils, preserved in
clumps, have now become exposed for extraction, and considered in GC analysis for contaminant
concentrations and accurate conclusions of this experiment cannot be accomplished. The overall
conclusion from these Saturated Soil Batches was that no conclusion may be made due to
experimental error.
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Table 5: CCME guideline for acceptable levels of PAHs at an industrial site (CCME 2008).
PAH

Environmental Soil Quality Guideline (mg/kg)

Anthracene

32

Benz(a)anthracene

10

Benzo(a)pyrene

72

Benzo(b)fluoranthene

10

Benzo(k)fluoranthene

10

Dibenz(a,h)anthracene

10

Indeno(1,2,3)pyrene

22

Phenanthrene

50

pyrene

100
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4.8

Plate Count
There was an increase in plate count numbers over time during Saturated Soil Batch tests.

The plate count gives insight to the amount of growth of the aerobic bacteria in the sample
(Pramanik and Kim 2014). During the initial few days, both natural attenuated soils and
biostimulated soils showed increase in microbial population. Towards the end of the triplicate
experiments, bacteria concentrations began to decrease for natural attenuation as opposed to
biostimulation, as shown in Figure 52 – Figure 54. This may signify a requirement for nutrient
amendments.
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Figure 52: A comparison of biostimulated bacteria and non-stimulated bacteria at a
temperature of 15°C.

Figure 53: A comparison of biostimulated bacteria and non-stimulated bacteria at a
temperature of 25°C.
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Figure 54: A comparison of biostimulated bacteria and non-stimulated bacteria at a
temperature of 35°C.
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4.9

pH Measurement
By Day 7, the pH of the biostimulation experiments reached approximately 8 and

maintained this value for the remainder of the experiment. The natural attenuation experiments
maintained a pH of approximately 7 throughout the experiment. The higher pH during
biostimulation could have been attributed to the increase in ammonia due to urea oxidation (Huang
et al. 2006), however a range of pH 6-8 is considered acceptable for bioremediation (Singh and
Ward 2009) and therefore, inappropriate pH should not have been a factor attributing to any
outcomes of the experiments.
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4.11 Conclusions
The study was conducted to determine if indigenous bacteria were capable of degrading
local contaminants and PAHs in refinery soils, and to prove or disprove the hypothesis that
biostimulation would enhance the microbial community’s ability to degrade PAHs. Pyrosequencing
determined that the most active family in the bacteria population was Flavobacteriaceae,
contributing to approximately 11% of the population. Marinobacter spp. of the family
Alteromonadaceae was second largest contributor to the population at approximately 9%. Both
families include known species which can degrade PAHs. Metal toxicity was found to be nonexistent and did not require amendments. It was determined that nitrogen and phosphorous
amendments were required to attain a C:N:P ratio of 100:10:1. Two experiments, Water Phase
Batch Studies and Saturated Soil Batch Studies, were then conducted. Water Phase Batch Studies
batch tests contained 10 g of sample with 100 mL of distilled water in a jar. Water Phase Batch
Studies suggested that autochthonous bacteria may be able to degrade PAHs and furthermore,
biostimulation may increase the degradation rate of PAHs. In Saturated Soil Batch Studies, the
effects of temperature were monitored, however, test were too inaccurate to determine plausible
conclusions. Plate count showed a decrease in bacterial activity after 14 days for all temperatures
which may have suggested a need for nutrient amendments. Biostimulation had been observed to
be both successful and unsuccessful in enhancing degradation (Bento et al. 2004, Yu et al. 2005)
and these initial results on bioremediation on the contaminated soils from Imperial Oil may suggest
that biostimulation may be effective.
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Conclusions & Recommendations - Chapter 5

5

Conclusions and Recommendations
It is important to maintain the health of the planet. Biostimulation offers an opportunity for

enhanced remediation at little cost to environment and at little cost to the contingents paying for the
remediation. The Family Flavobacteriaceae and the genus Marinobacter, of the family
Alteromonadaceae, were possibly the two main PAH degraders found in the sample and
accounted for approximately 20% of the entire microbial population. Two main experiments were
conducted. An initial study was conducted to determine if biostimulation would enhance the
degradation rate of PAHs in the sample, and a second experiment was conducted to observe the
effects of temperature on the microbial community in the soil. The Water Phase Batch Studies
suggested that biostimulation may increase biodegradation, however, there was a lack of
confirmation in proving that the PAHs were degraded by bacteria. In future studies, this may be
resolved by creating an experiment with a control batch containing the same amount of sterile soil,
nitrogen and phosphorous amendments as the natural attenuated and the biostimulated batches or
also by determining keeping track of a daughter product of PAH biodegradation. Resulting
daughter products of PAHs are not published for Marinobacter spp. nor the Flavobacteriaceae
Family, and a recommendation of ascertaining this information is important for the complete
comprehension of biodegradation at this Imperial Oil Refinery site. It is known that when PAHs are
completely metabolized, carbon dioxide, CO2, is the final product that is formed and this may a
method of providing supporting documentation that biodegradation did occur. Experiments should
have been also been conducted to monitor the extent of PAHs sorbed on to the contaminated in
order to measure re-adsorption of PAHs back on to the soils during the Water Phase Batch
Studies. Volatilization could have also been another factor for PAHs during the Water Phase Batch
Studies, and the air contained in the batch jars should have been monitored. A second experiment,
Saturated Soil Batch Studies, was conducted to determine effects of temperature on
biodegradation of contaminated samples. The results from the Saturated Soil Batch Studies were
shown to be inconclusive as initial concentrations of triplicate experiments varied due to a mistake
in breaking up clumps during preparation of the experiments. The initial studies suggested that
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biostimulation could have increased biodegradation of PAHs, however information supporting this
claim should have been observed.
Time is also a factor to consider when conducting batch studies. The Soxhlet extraction of
PAHs may have also been another reason for missing PAHs during Saturated Soil Batch Studies.
Due to time constraints, the minimum amount of extraction time of 18 hours was used, however, it
may have been required that the maximum amount of extraction time, 24 hours, was required to
remove high molecular weight PAHs which were missing in the Saturated Soil Batch Studies.
Another method of extraction may be required for triplicate experiments, such as microwave
extraction. It is also recommended that longer experiments be conducted in order to reach CCME
standards of acceptable levels of PAHs before bench and field scale studies are implemented.
Time is an important factor in proper biostimulation.
Along with time being an important consideration when conducting biostimulation, the
possible effects of biostimulattion must also be predicted. In Saturated Soil Batch Studies, it was
determined that the use of urea caused an increase in ammonia. Nitrogen and phosphorous must
be monitored to prevent over concentrating nitrogen and phosphorous in an area. An excess of
these nutrients could cause algal blooms which reduce or eliminate oxygen in the water, causing
local biota to get ill or die off. Algae are also harmful to humans as some algae produce dangerous
toxins.
The refinery samples were determined to be sandy loam, which is an acceptable media for
nutrient delivery in-situ biostimulation. A rate-limiting step for nutrient delivery is diffusion. As the
nutrients are introduced to the system using water as a medium of nutrient delivery, the PAHs
which are adsorbed, will slowly diffuse after desorption. Desorption occurs with an initial phase of
rapid release followed by a slow period (Richardson and Aitken 2011). It is the result of a process
where loosely bonded PAHs are displaced at the carbon source by another solute which that
adheres to the carbon more tightly (Manangoly 1994). For an entity who is paying for the
remediation of a site, studies involving diffusion should also be conducted in order to increase the
rate of degradation.
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Appendix
Appendix A: 16S rRNA V1-V2 454 Sequencing Procedures – Roche GS Junior System
DNA extraction
DNA was extracted from the samples using the PowerSoil® DNA Isolation Kit (MO BIO
Laboratories, Inc., Carlsbad, CA) according to manufacturer’s protocol. Extracted DNAs was eluted
in 100 µ L C6 buffer, quantified using a spectrophotometer and stored at -20oC until use.

PCR amplification of the V1-V2 region of bacterial 16S rRNA gene
The V1-V2 region of 16S rRNA gene was amplified using a primer set described by Wu et al
(2010). The forward primer consisted of the adaptor B sequence used in the GS Junior Genome
Sequencer instrument (Roche), a two-base linker (TC) and the broadly conserved bacterial 16S
rRNA gene primer sequence (5’AGAGTTTGATCCTGGCTCAG 3’). The reverse primers contained
adaptor A and extended with an eight-base bar codes with a two-base linker (CA), and ended with
the broadly conserved bacterial 16S rRNA gene primer sequence (5’ ATTACCGCGGCTGCTGG
3’). The PCR reaction mix (25 µ L) contained 1x PCR buffer, 200 µ M each of dNTP, 0.4 mM of
each primer pair, and 2.5 U of HotStarTaq DNA Polymerase (Qiaqen). The PCR thermal cycling
conditions were 95oC for 15 min, 30 cycles of 94oC for 15 sec, 55oC for 45 sec and 72oC for 40
sec, followed by 72oC for 8 min using a GeneAmp PCR System 9700 thermal cycler (Life
Technologies, Foster City, CA).
The amplicons from each DNA sample, which was amplified in quadruplicate, were pooled and
purified using a 2.0% agarose gel and a QIAquick Gel Extraction Kit (Qiagen) following the
manufacturer’s instructions. The fragment quality was assessed by Bioanalyser 2100 (Agilent
Technologies, Mississauga, ON). DNA concentrations were measured by the Quant-iT PicoGreen
dsDNA Assay kit (Invitrogen). The purified amplicons were then combined in equal molar ratios
based on their DNA concentrations; the pooled fragments were used for emPCR.

DNA sequencing using GS Junior system
Emulsion PCR (emPCR) was performed according to the manufacturer’s protocol (Roche).
Amplified fragments resulting from the emPCR were further purified and loaded on to the Pico Titer
Plate according to the manufacturer’s instructions (Roche). Sequencing was conducted using the
GS Junior Sequencer and GS Junior Titanium Sequencing Kit following the manufacturer’s
protocol (Roche).
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Sequence data analysis
Raw sequence reads were filtered using the GS Junior Sequencer System Software V2.5p1
(Roche) to remove low quality sequences and trimmed to remove adaptor sequences. From sff
files, sequences passing the following criteria were used for further analysis: length of 300 bp
averaged quality score of 20. The filtered sequences were then uploaded into QIIME and
processed using the QIIME pipeline (Caporaso et al. 2010). Briefly, QIIME accepts as input barcoded 16S rRNA gene sequences, classifies them based on bar code, aligns the sequences with
PyNAST, makes taxonomic assignments using the RDP classifier, estimates phylogenetic
diversity, constructs phylogenetic trees using FastTree, calculates UniFrac distances, and
generates data summaries of the proportions of taxa present and PCoA plots based on UniFrac
distances. OTUs of 97% were used in the analysis.
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Appendix B: Calculations to determine C:N:P ratios
Information required includes:

•
•
•
•

mass of organic contaminant
chemical compound formulas of contaminants
optimal C:N:P ratio
chemical formula of nutrients

Step 1: Determine the mass of the organics present in the contaminated soil.
Step 2: Divide the mass of the organics by its molecular weight to find the moles of the
contaminant.
Step 3: Multiply the moles of the contaminant from step 2 by the number of C in the compound's
formula.
Step 4: Determine the moles of nitrogen and phosphorous required using optimal C:N:P ratio. For
100:10:1: moles of nitrogen required = moles of carbon present x (10/100); and moles of
phosphorous required = moles of carbon present x (1/100).
Step 5: Determine the amount of nutrient needed.
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